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Summary

14
The filamentous Section V cyanobacterium Mastigocladus laminosus is one of the most 15 morphologically complex prokaryotes. It exhibits cellular division in multiple planes, resulting in 16 the formation of true branches, and cell differentiation into heterocysts, hormogonia and necridia.
17
Here, we investigate branch formation and intercellular communication in M. laminosus.
18
Monitoring of membrane rearrangement suggests that branch formation results from a 
Introduction
31
Among non-eukaryotes, cyanobacteria have achieved a high degree of morphological complexity 32 and diversity. It is remarkable that multicellularity in this phylum evolved early in Earth history, 33 possibly as early as the "Great Oxygenation Event" that took place around 2.48 to 2.32 billion 34 years ago and allowed the development of all life we know today (Bekker et al., 2004; Tomitani 35 Accepted Article et al., 1996; Komárek et al., 2003) . Microfossil records from Rhynie, Aberdeenshire, Scotland 59 support the presence of this complex morphotype already around 400 million years ago (Croft 60 and George, 1959). True branching includes several different types, which have been named for 61 simplicity after their morphological appearance, including "T", "V", "X", and (reverse) "Y" 62 branching (Anagnostidis and Komárek, 1990 ; Golubić et al., 1996) . Lateral "T", "V" and 63 (reverse) "Y" branches are comprised of cylindrical cells (Desikachary, 1959; Fogg et al., 1973;  64 Golubić et al., 1996) . Branches can differentiate into motile hormogonia which are released from 65 the main filament by death and disintegration of the branching point (Balkwill et al., 1984) . The 1984b; Stevens et al., 1985) . This raises the question of how cells communicate in M. laminosus. 
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Recovery after Photobleaching (FRAP) experiments to observe intercellular exchange of dye 83 molecules, using methodology previously applied to filamentous cyanobacteria of Sections III 84 and IV (Mullineaux et al., 2008 
92
Just recently, the genome sequences of several species of Section V were published (Dagan et al., 93 2013; Shih et al., 2013) .It has been suggested that no signature proteins specific to any of the 94 complex morphologies exist (Shih et al., 2013) , and that branching might be mainly a result of 95 expressing a very few proteins which affect the regulation of cell division genes and/or the 96 localisation of their proteins (Dagan et al., 2013 M. laminosus forms two morphologically distinct types of true branches: (reverse) "Y" (Fig. 1A) 103 and "T" branches (Fig. 1B) . Both types of branches are not only present in the same culture, but 104 even in the same filament (not shown), raising the question of whether the differences between 105 the two types are merely superficial, or whether they arise from different developmental 106 processes.
107
We approached this question by visualising the cytoplasmic membrane during branch formation 108 using confocal microscopy and transmission electron microscopy. For confocal microscopy we 109 stained cells with the fluorescent dye FM1-43FX, which highlights the cytoplasmic membrane in 110 cyanobacteria (Schneider et al., 2007) . Our results indicate that the (reverse) "Y" and "T" 111 branches are topologically equivalent: in both cases branch formation is initiated by the growth of 112 a cell in a direction other than the main axis of the filament (Fig. 1A,C) . This is generally 113 followed by septum formation across the mid-line of the cell, as is the usual rule in bacteria (Fig.   114 1A). The result of septum formation is that one of the daughter cells is connected to three cells: 115 two in the main trichome and one in the developing branch (Fig. 1A,B) . A "T" branch results
116
from cell elongation in a direction roughly perpendicular to the filament axis (Fig. 1B) , whereas a 117 (reverse) "Y" branch results from cell elongation at a more acute angle to the filament axis ( Fig.   118 1A,C), but the two cases are only superficially different. This implies that branching is the result 119 of a randomisation of the direction of cell elongation. When cell elongation is constrained to 120 occur along the filament axis, branch formation is repressed. A developmental switch leading to 121 randomisation of the direction of cell elongation allows branches to form. Our conclusion is 122 consistent with the message from recent genome sequence analyses of several cyanobacteria of
123
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Section V, which did not detect any specific Section V signature proteins (Dagan et 
126
(Section IV) by random mutagenesis using ultraviolet irradiation, which implies that branching 127 can be induced by loss of gene function rather than being the result of a complex developmental 128 programme. This fits with our conclusion that branching results from the selective relaxation of a 129 stringent control over the direction of cell elongation. We could detect no obvious patterns in the 130 spacing of branches, which appears to be random. Terminal cells of wide trichomes do not branch 131 and have a different, elongated shape (Fig. 1D ), which has been described as a terminal hair 132 (Anagnostidis and Komárek, 1990 ). The attachment of another cell, or even a cell fragment, at 133 the terminus of the filament is enough to inhibit cell elongation (Fig. S1) 
151
The question of connectivity between branch and main trichome cannot be answered simply by bleached by scanning the region of the branch at increased laser intensity (Fig. 2) . All the cells in 158 a branch, regardless whether they formed a "T" (Fig. 2) species, which are filamentous and heterocyst forming (Fig. S2B ).
208
The PCR with both primers generated a DNA product that contained a sequence with a high 209 similarity to sepJ. The corresponding amino acid sequence revealed that, similar to SepJ from Table S1 ). In our analysis we considered proteins 217 which are comprised of either two or three domains ((CC+P) or (CC+L+P)) as SepJ-like proteins, 218 whereas proteins showing only similarity to the permease domain were considered as DME- (Table S2) and therefore does not reflect SepJ localisation (Fig. S4) . SepJ forms distinct spots not only in the 248 main wide trichome, but also in the narrow branch (Fig. 3C) . A newly-formed branching point 
270
Therefore we introduce a new parameter, the "flux coefficient" F, defined as (E x cell volume), 
295
"Y"-branches only possess two cyanophycin plugs (Fig. 4B,C (Fig. 5A) . We did not observe any recovery of the bleached region within 24 s (Fig. 5A) 
354
indicating that a necridium inhibits cell-cell communication completely. Accordingly, the fate of 355 a trichome is determined early after branch formation; molecular exchange not being possible 356 once a necridium is formed.
357
To get an impression of the complexity of this event and its importance for the filamentous (Fig 5B-D) , probably because leakiness of the cytoplasmic membrane 362 allows the dye to penetrate to the interior of the cell. We observed that necridia are not only 363 located in the branching point, as reported in an earlier study (Balkwill et al., 1984) , but also in only by a single cell (Fig. 5D ), suggesting that necridia formation in M. laminosus seems to 368 follow no regular pattern of spacing and distribution.
370
The final release of the trichome is a complex mechanism of remodelling the septal region on (Fig. 6B) . Although we observed that necridia usually consist only 375 of a single cell, they can be formed by two cells (Fig. 5B, D released hormogonia might be accelerated by the reduction in cell volume.
401
Cell differentiation seems to be generally less regulated than in Section IV cyanobacteria; the 
412
laminosus shows branching, the septa are similar to those described in Anabaena sp. PCC 7120.
413
Earlier studies had suggested that rounded cells in wide trichomes are completely separated by growth for up to 96 h in Castenholz ND medium (Castenholz, 1988) , which lacks combined 435 nitrogen, under the above described conditions.
436
Labelling with fluorescent dyes. 
457
Confocal microscopy and Fluorescence Recovery after Photobleaching (FRAP).
458
For confocal microscopy, small blocks of agar were placed in a custom-built temperature- W 2.1 alignment, and resulted in primer rev_mlam_hetR (5'-gttgcggctgcatctaaaaa-3') ( Fig. S2A ).
511
The optimal annealing temperature for sepJ amplification was determined by using a gradient
512
PCR with the Promega PCR Master Mix. PCR products were resolved by electrophoresis in a 1% sec; 72°C for 4 min) and 1x cycle 3 (94°C for 45 sec; 57°C for 45 sec; 72°C for 10 min).
517
The amplified product was checked on a 1% (w/v) agarose gel, and purified with the QIAquick
518
PCR purification kit (QIAGEN) for sequencing.
519
Nucleotide sequence accession number.
520
The identified sepJ sequence has been deposited in the GenBank database under the accession 521 number KF729033.
522
Sequence analysis.
523
The sepJ DNA sequence was translated into the corresponding amino acid sequence using the 
530
Immunofluorescence labelling and sample examination.
531
Cells were harvested by centrifugation (3000xg; 2 min) and resuspended in fresh growth medium.
532
Cultures were transferred onto 0.2 µm Nucleopore membranes, which were subsequently placed 533 onto poly-L-lysine coated slides. For fixation the slides were incubated in 50-ml plastic Falcon Accepted Article
